Recent progress of high-pressure technology enables the synthesis of novel metal borides with diverse compositions and interesting properties. A precise characterization of these borides, however, is sometimes hindered by multiphase intergrowth and grain-size limitation in the synthesis process. Here, we theoretically explored new transition-metal borides (M = Co, Rh, and Ir) using a global structure searching method and discovered a series of stable compounds in this family. The predicted phases display a rich variety of stoichiometries and distinct boron networks resulting from the electron-deficient environments. Significantly, we identified a new IrB 1.25 structure as the long-sought structure of the first synthesized Ir-B compound. The simulated x-ray diffraction pattern of the proposed IrB 1.25 structure matches well with the experiment, and the convex hull calculation establishes its thermodynamic stability. Results of the present paper should advance the understanding of transition-metal borides and stimulate experimental explorations of these new and promising materials.
I. INTRODUCTION
Transition-metal borides have attracted considerable investigations in recent years for their outstanding properties and growing applications in industry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . A unique electrondeficient bonding environment, as seen in many materials containing boron, enables a rich diversity of stoichiometries and structures of borides. In transition-metal borides, boron can form different polyhedral structures, ranging from symmetric clusters to extended networks, and exhibit fascinating properties, such as superconductivity [12, 13] , superhardness [14, 15] , and topological properties [16] [17] [18] [19] . Recent progress in this field includes the identification of two hard borides, CrB 4 and MnB 4 , using single-crystal diffraction techniques and density functional calculations [20] [21] [22] , and the synthesis of superconducting FeB 4 under high-pressure conditions [23] . These studies advanced the understanding of transition-metal borides and led to an increasing interest in search for new members in this family [24] [25] [26] .
Binary borides containing group 9 metals (Co, Rh, and Ir) have been extensively studied as catalysts and resistant coatings [27] [28] [29] [30] [31] [32] . The emphasis of past studies has been primarily on the metal-rich borides. The boron-rich borides of this group are relatively less explored; up to now, there have only been two known phases. The first phase was an Ir-B compound synthesized in 1962 with an unidentified * Author to whom correspondence should be addressed: Huiyang.gou@gmail.com † yansun.yao@usask.ca crystal structure [33] . The composition of this compound was initially suggested as IrB 1.5 , but other studies indicated that IrB 1.35 or IrB 1.25 were both possible [34, 35] . In 2009, the same Ir-B compound was successfully fabricated in thin films that exhibited outstanding superhard behaviors [36] . The structure and stoichiometry of this Ir-B compound has not been solved, which partially motivated the present paper. In 2014, the second member to this family, CoB 3.2 (Co 5 B 16 ), was successfully synthesized under high-pressure high-temperature conditions [30] . Theoretical studies have often been employed to identify new materials prior to their realizations. Recent advances of the theoretical tools, in particular, made it possible to systematically investigate the phase diagrams of unknown compounds. In the present paper, we performed a theoretical investigation of group 9 metal borides, with the emphasis on the boron-rich side. The structure searches were carried out using the particle swarm optimization (PSO) algorithm [37, 38] combined with density functional optimizations. We have addressed the long-standing question on the composition and structure of the first Ir-B compound; the predicted structure model can well reproduce the experimental diffraction patterns, which is a significant step toward the identification of this material. In addition, the present paper discusses a series of new crystalline MB x phases (M= Co, Rh, and Ir; x = 1.5, 2, 3, 4, and 6) that are stable at ambient or high pressures or both. By changing the chemical compositions, one is able to manipulate the bonding pattern of the boron framework that dictates the mechanic and electronic properties of the system. Such information is of great importance to the understanding of metal-boron interactions in solids.
II. METHODS
Global structural searches were performed using the crystal structure analysis by particle swarm optimization (CALYPSO) code with a variable cell PSO algorithm [37, 38] , which has been successfully applied for tungsten and lithium borides [39, 40] . Simulation cells containing up to 6 f.u. of cobalt, rhodium, and iridium borides (MB x , x = 1.5, 2, 3, 4, and 6) are studied for their stability at 1 bar and 50 and 100 GPa. Furthermore, crystal structures of the compounds that are chemically similar to MB x were also considered as the candidate structures of MB x . Candidate structures of MB x obtained in the structure searches were fully optimized within the framework of density functional theory (DFT) as implemented in the Cambridge Serial Total Energy Package (CASTEP) software package [41] . The exchange and correlation of the electrons were treated by the generalized gradient approximation with Perdew-Burke-Ernzerhof (GGA-PBE) functional [42] . A cutoff energy of 400 eV and a dense k-point mesh [43] with spacing of 0.3Å −1 were employed. Phonon calculations were carried out by using finite displacement methods as implemented in the phonopy code [44] . Enthalpy of formation ( H f ) of borides was calculated as
for decomposition products of M and B solids or 
III. RESULTS AND DISCUSSION
The structural searches started with the M 2 B 3 (or MB 1.5 ) stoichiometry that was initially suggested for the Ir-B system. At ambient pressure, the ground state structures of Ir 2 B 3 , Rh 2 B 3 , and Co 2 B 3 were predicted to be the same. It is a monoclinic P 2 1 /m-type structure that consists of zigzag chains of boron along the [100] direction [ Fig. 1(a) ]. As a result of strong covalent bonding, the chains of boron are interconnected to form a planar structure of closed six-member rings; this motif has been previously observed in ReB 2 [14] . Notably, for Ir 2 B 3 , the predicted P 2 1 /m structure is found to have much lower energy, i.e., by ∼1.02 eV/f.u., than the C2/m structure [35] previously proposed for the syntheiszed Ir-B compound (see Tables S3 and S4 in the Supplemental Material [46] ). For the MB 2 stoichiometry, the predicted ground state structures of CoB 2 , RhB 2 , and IrB 2 were different at ambient pressure. They are the hexagonal P 6 3 /mmc structure for CoB 2 , C2/m structure for RhB 2 , and a different C2/m structure for IrB 2 
All three predicted structures are calculated to be more stable than the previously proposed structures [34, 47, 48] (see Supplemental Material for structure parameters in Tables S1- Tables S1-S3 and Tables S5-S7 of the Supplemental Material [46] . S3 [46] ). In particular, the OsB 2 -type [49] and C2/m-type [34] structures of IrB 2 were found to be energetically unfavorable because of a large heat of formation (see Supplemental Material [46] ).
The established phase stabilities of IrB 2 and Ir 2 B 3 (IrB 1.5 ) provided us critical guidance for resolving the structure of the first synthesized Ir-B compound [33] . At first, we examined all previously proposed structure models for this compound [33] [34] [35] , including one IrB 2 structure and six Ir 8 B 12 (IrB 1.5 ) structures. Total energy calculations showed that the IrB 2 structure is thermodynamically unstable with respect to the elemental solids, with a positive heat of formation H f of 0.11 eV/atom (see Supplemental Material Table S4 [46] ). Furthermore, the calculated x-ray diffraction (XRD) pattern of the IrB 2 structure does not match the experimental results, which rules out this possibility. Two Ir 8 B 12 structures, Ir 8 B 12 -VI and Ir 8 B 12 -V (definitions adopted from Ref. [34] hereafter) were calculated to have negative heat of formation, −0.028 and −0.157 eV/atom, respectively (see Supplemental Material Table S4 [46] ). However, the lattice parameters of these two structures are likely to differ from those of the experimental phase, as seen again from the insufficient matches of the XRD patterns (see Supplemental Material Table S4 and Fig. S1 [46] ). A detailed analysis of these Ir 8 B 12 structures revealed useful information for the Ir-B system. The Ir 8 B 12 structures all have the same parent structure but differ in the site occupancies of the boron atoms. The total energy of an Ir 8 B 12 structure was found to be particularly sensitive to the occupancy of the two sites, B (VI) and B (V). A partial or complete removal of boron from these two sites, as in the cases of Ir 8 B 12 -VI and Ir 8 B 12 -V, seems to be a reason for their thermodynamic stabilities (as opposed to other Ir 8 B 12 structures with fully occupied VI and V sites).
As suggested, the synthesized Ir-B compound may have a lower boron concentration than IrB 1.5 [34, 35] Table S4 [46]) revealed these findings: a Cm structure with similar heat of formation (−0.31 eV/atom), and the lattice parameters appear to be consistent with the experiment. Significantly, in the Cm structure boron atoms are completely absent at the V sites and only occupy half of the VI sites, which is in agreement with the site preferences and also consistent with the experimental expectations [34] . As shown in Fig. 1(e) , the Cm structure of IrB 1.25 has an interesting sandwich structure with alternative layers of stepwise boron sheets and isolated B and Ir atoms. The boron sheets extend through the ab plane with relatively weaker interaction due to slightly longer B-B distances (1.882−2.130Å). Furthermore, the calculated XRD pattern of the Cm structure shows a remarkable good match to the experimental spectrum (Fig. 2) . Both the peak positions and relative intensities of the calculated XRD pattern match perfectly with those of the experiment, suggesting the Cm phase is very likely to be the observed one. This prediction agrees with earlier structural refinements in which the Cm symmetry was considered as one of the possible space groups for the Ir-B compound, which was, however, never substantiated [35] . To this end, supported by both energetics and structure information, we suggest that the long-standing unidentified Ir-B compound has an IrB 1.25 stoichiometry and a Cm structure, which hopefully can be confirmed in future experiments. Moving to a higher boron concentration, the predicted ground state structures for IrB 3 , RhB 3 , and CoB 3 are again the same. This structure [ Fig. 3(a) ] has the Pnma space group and is isostructural to RuB 3 [50] . In this structure, boron atoms form B 3 scalene units through three-center two-electron (3c, 2e) bonding. The scalene units are interconnected into a three dimensional network, whereas the zigzag chains of metal atoms intersperse along the [46] ). The CoB 3.2 structure has been known experimentally [30] , and the calculated structural parameters are in good agreement with the experimental data (see Supplemental Material Table S1 [46] ). In the CoB 3.2 structure, the boron atoms are clustered into two forms: localized B 3 triangular units and extended B ∞ ribbons [ Fig. 3(b) ]. The buckled boron ribbon is a characteristic feature of superhard borides. Furthermore, the remarkably shorter Co-Co distances indicate the possible presence of metal-metal bonds in this structure.
The stoichiometry of the highest boron content investigated in the present paper is MB 4 (tetraborides). Tetraborides have been realized previously in CrB 4 , FeB 4 , and MnB 4 [20] [21] [22] [23] , and are also possible for MoB 4 [24] and WB 4 [15, 39, 51] . Tetraborides containing main group elements, i.e., Tables  S1-S3 and Tables S5-S7 of the Supplemental Material [46] . alkali metals, were also predicted to be thermodynamically stable under high pressure [52] . For RhB 4 and IrB 4 , an unprecedented monoclinic (m-) C2/m-type structure was found in our structural search as the common ground state structure [ Fig. 3(d) ]. We term this structure in RhB 4 and IrB 4 phases as m-RhB 4 and m-IrB 4 , respectively. The CoB 4 , on the other hand, was predicted to have a hexagonal structure [termed as h-CoB 4 , Fig. 3(c) ], which is isotypical to MoB 4 [24] . It is interesting that the CoB 4 does not adopt the same orthorbominc structure of FeB 4 [23] . Both m-IrB 4 and h-CoB 4 structures are consist of alternating metal layers and puckered boron sheets, whereas the stacking pattern of these layers and sheets determines the space group.
Experimental synthesis of transition-metal borides often requires high-pressure high-temperature conditions. A fair share of the known transition-metal borides are only thermodynamically stable at high pressures but exhibit metastability at ambient conditions, which makes their recovery possible. To provide guidance for future experiments, we evaluated the pressure-composition phase diagrams for the Co-B, Rh-B, and Ir-B systems using the experimentally known and newly For the Co-B system, all considered cobalt borides are thermodynamically stable with respect to the Co and B solids at ambient pressure [ Fig. 4(a) ]. The calculated H f of the cobalt-rich borides (Co 3 B, Co 2 B, and CoB) reproduces well the experimental energy orders [53] and identified the CoB as the most stable phase [2] . The Co 3 B and Co 2 B phases observed experimentally at high temperatures [54] were found to be metastable at ambient pressure, where their energies are slightly above the tie line. The newly predicted boron-rich phases also show metastability at ambient pressure. Their energies are very close to the tie line (e.g., Co 5 B 16 ) and thus might be stabilized at finite temperatures by entropy effects. At high pressures, the H f values of all Co-B stoichiometries decrease considerably relative to the enthalpies of the Co and B solids, whereas CoB remains as the most stable phase. In general, the H f values of the boron-rich phases are very close to the tie line; therefore, the phase competition will be severe during synthesis, which may pose a challenge for phase separations in experiment [23] . Notably, the experimentally synthesized Co 5 B 16 phase becomes thermodynamically stable near 10 GPa, where its H f value falls on the tie line [ Fig. 4(a) ]. When recalculated using the decomposition of CoB and boron solids, the H f values of all Co-B stoichiometries become positive at ambient pressure [ Fig. 4(b) ]. The Co 5 B 16 phase again becomes thermodynamically stable near 10 GPa, where its H f turns negative ( H f value is −0.14 eV/f.u. at 20 GPa). The predicted threshold for the phase stability of Co 5 B 16 agrees very well with the pressure conditions used in the synthesis, i.e., ∼13−15 GPa [30] .
For the Ir-B system, the IrB 1.25 phase predicted in the present paper is the most energetically favorable phase at ambient pressure with the lowest heat of formation [denoted as Ir 4 [46] ], suggesting that alternative reaction routes are required for their synthesis.
Electronic and bonding properties of the predicted phases were analyzed to further reveal the structural features and elastic and mechanical performances. Most of the proposed group 9 metal borides are predicted to be metallic in view of the calculated density of states (DOS; see Supplemental Material Figs. S9-S11 [46] ). Note that some of the predicted borides were found to have a tunable band gap subject to elastic strains. One example is given in Fig. S12 (see Supplemental Material [46] ), in which the orthorhombic Pnma-type IrB 3 , otherwise being weakly metallic, opens up an indirect band gap of about 0.25 eV under 5% tensile strength. In the following, we present a detailed analysis of electronic structure and bonding features of The bonding environment of Co 5 B 16 was investigated using the electron localized function (ELF) method. As an intuitive approach, the ELF method characterizes the tendency of electron localization in crystals, with respect to a uniform electron gas of the same density. As it is a probability, the ELF value is always positive and spans the range between 0 and 1. Large ELF values identify regions in the structure where there is a high tendency of electron pairing, such as cores, bonds, and lone pairs. In Fig. 5(d between Co cations in Co 5 B 16 , which results in short Co-Co distances.
The calculated total and atom-projected DOS of RhB 4 and IrB 4 are shown in Fig. 6(a) . Both structures are metallic, as observed from the absence of the band gaps. In RhB 4 , the Fermi level falls in a local energy minimum. Thus, the DOS value at the Fermi level is very low. In the IrB 4 even lower DOS, while stabilizing the structure. Moreover, the hybridization between the d orbitals of Ir and p orbitals of B is relatively strong at the energy of -10 eV to the Fermi level due to the spatial diffusion of 5d orbitals. Figure 6(b) shows the contributions of individual orbitals of B 4 unit and Ir atoms to the DOS. The p x orbital of the B 4 is seen to contribute more than p y and p z to the DOS at the Fermi level. There is also a distinct splitting between the bonding and antibonding regions for the d x 2 −y 2 bands of Ir. The bands by antibonding orbitals are primarily localized within ∼1 eV above the Fermi level. The orbital overlaps stabilize the bonding interactions and destabilize the antibonding interactions and therefore stabilize the IrB 4 structure. As a result, the total energy is lowered, and a pseudogap tends to open at the Fermi level. The calculated ELF for IrB 4 is presented in Fig. 6(c) , which clearly reveals the presence of strong covalent σ bonds and distorted electron-deficient B-B-B (3c, 2e) bonding. In the butterfly-B 4 units, the bonding electrons are localized in the center of triangular planes caused by an asymmetrical arrangement of the boron bonds. The central B-B bond in the B 4 units has a relatively large ELF value, 0.833, while the long edge has a lower value, 0.684, both within the covalent region. The maximum ELF value for the B-B bonds is 0.876 [ Fig. 6(d) ], which interconnects butterfly-B 4 units along the [001] direction. The high tendency of electron localization is also observed between Ir and B atoms, with the ELF values ranging from 0.697 to 0.806. The spatial orientations of covalent bonding, therefore, play a critical role in the energetic stability of this compound.
IV. CONCLUSIONS
In summary, extensive theoretical searches for stable compositions and crystal structures of group 9 borides (MB x , M= Co, Rh, and Ir, x=1.5, 2, 3, 4, and 6) were carried out using an unbiased structure searching method within the CALYPSO code. We have predicted a series of new MB x stoichiometries, stable at ambient or high pressures or both and explored the possible synthetic pathways. Significantly, we have successfully addressed the long-sought composition and structure of the first synthesized Ir-B compound. We propose this compound to have a novel IrB 1.25 stoichiometry and a monoclinic Cm structure. The Cm structure is thermodynamically stable, and its interplanar spacings correspond very well to the measured diffraction patterns. Predicted borides of different stoichiometries exhibit a variety of boron networks, ranging from zigzag chains in M 2 B 3 , regular rhomboids in MB 2 , triangles in MB 3 and MB 3.2 , to distorted rhomboids in MB 4 . The results obtained in the present paper will hopefully provide insight and guidance to future experimental investigations of transition-metal borides.
